In this paper, we revisit the dimension-7 neutrino mass generation mechanism based on the addition of an isospin 3/2 scalar quadruplet and two vector-like iso-triplet leptons to the standard model. We discuss the LHC phenomenology of the charged scalars of this model, complemented by the electroweak precision and lepton flavor violation constraints.
We pay particular attention to the triply charged and doubly charged components. We focus on the same-sign-tri-lepton signatures originating from the triply-charged scalars and find a discovery reach of 600 -950 GeV at 3 ab −1 of integrated luminosity at the LHC. On the other hand, doubly charged Higgs has been an object of collider searches for a long time, and we show how the present bounds on its mass depend on the particle spectrum of the theory. Strong constraint on the model parameter space can arise from the measured decay rate of the Standard Model Higgs to a pair of photons as well. The remarkable discovery of the 125 GeV scalar particle by CMS and ATLAS collaborations [1, 2] is the crowning achievement of the Run-I of the Large Hadron Collider (LHC). The data collected by the LHC experiments so far indicate that the discovered particle is the final piece of the standard model (SM) -the Higgs boson, which provides mass to the fermions and gauge bosons of the SM via spontaneous symmetry breaking. At the same time, any signature beyond the SM remains elusive at the LHC. Notwithstanding many successes of the SM, it fails to answer many critical questions. Hence, the pursuit of unearthing signals of new physics is at the forefront of particle physics experiments for many decades.
One of the most robust evidence that points out to an important inadequacy of the SM is the existence of non-zero tiny masses of neutrinos. The neutrinos are the only class of fermion within the SM, whose mass cannot be generated by the Higgs mechanism, due to the absence of right- In addition, the Planck collaboration constrains the sum of neutrino masses to be m i 0.23 eV [3] , which again emphasizes the fact that neutrino masses are many order of magnitude smaller than their charged lepton counterparts. This drastic departure of neutrino masses and mixings from charged leptons poses a fundamental question, how such tiny neutrino masses are generated?
The simplest way to achieve that goal is via an effective dimension-5 operator, LLHH/M [4] , where H is the SM Higgs doublet, L is the left-handed lepton doublet, and M is the scale of new physics. Under this mechanism, neutrinos acquire a mass m ν ∼ v 2 /M , with v being the vacuum expectation value (VEV) of H. There have been many realizations of such dimension-5 operator in the literature, namely, Type-I see-saw [5] , Type-II see-saw [6] , Type-III see-saw [7] , loop induced [8] etc., with all new particles are at the mass order M . From the above formula of neutrino masses, one can notice that neutrino oscillation data, combined with cosmological constraint, will force M ∼ O(10 14 − 10 15 ) GeV with O(1) Yukawa couplings. Alternatively one needs an unusually small Yukawa coupling, Y ν ∼ 10 −6 for TeV scale M . In either case, the LHC is unlikely to probe any signature of such particles. Instead, we focus on a model proposed by Babu, Nandi,
and Tavartkiladze (BNT) [9] , where neutrino masses are generated at tree level by an effective dimension-7 operator, LLHH(H † H)/M 3 , resulting in a neutrino mass formula, m ν ∼ v 4 /M 3 .
Owing to the increased suppression factor M 3 in the denominator, one can easily lower the scale of new physics in this model to TeV without introducing minuscule Yukawa couplings. The above model contains two vector-like lepton triplets (Σ 1,2 ) and an isospin 3 2 scalar quadruplet (∆) on top of the SM fields. Hence, this model predicts striking same-sign multi-lepton signatures at the LHC due to the presence of multi-charged scalars and vector-like leptons.
The goal of our paper is twofold. First, we present a detailed analysis of electroweak precision test (EWPT) constraints on the Higgs spectrum of the model for the first time. Next, we investigate the latest LHC and lepton flavor violation (LFV) bounds on the Higgs sector, not ruled out by the EWPT, and further project future LHC reach of the triply-charged Higgs boson for definitive validation/falsification of the model.
Refs. [10] [11] [12] have studied the BNT model in the context of the LHC and dark matter previously.
Nonetheless, the LHC experiments have accumulated a significant volume of data since then, and a revision of those constraints from the new data is warranted at this point. In addition, a loopinduced dimension-5 operator is also present in the model, which contributes to the neutrino mass generation at a comparable rate w.r.t the dimension-7 operator for M Σ O(TeV). Although, the existence of this dimension-5 operator is well-known [9, 10] , the impact of their interplay with the dimension-7 operator on the LHC searches were not taken into account in previous studies at a quantitative level.
In addition, we would like to point out that the LHC experiments traditionally show their bound on doubly-charged Higgs particle mass in same-sign dilepton final states assuming a 100% branching ratio (BR) for particular flavor combinations. Instead, we reinterpret their results using realistic benchmark points (BP), consistent with neutrino oscillation data and show that the constraints on doubly charged Higgs mass can be relaxed. Also, we demonstrate that for our realistic BPs, the proper decay length of doubly and triply charged Higgs bosons are quite large in regions of the parameter space and discuss when they will be beyond the scope of prompt lepton searches performed at the LHC.
LFV constraints on the model were previously discussed in Ref. [13] for very light Σ 1,2 (∼ 200 GeV) and they did not take into account the contribution of multi-charged scalars on LFV processes. In contrast, we derive relevant LFV constraints due to light scalars (M ∆ 1 TeV). In our chosen benchmark scenarios Σ 1,2 are much heavier (∼ 5 TeV) than H, ∆, which in turn force their contribution to LFV processes negligible. Using the current most stringent bound by the MEG Collaboration [14] , a lower bound on induced VEV v ∆ as a function of mass M ∆ has been derived.
Lastly, we search for triply-charged Higgs boson at the LHC in same-sign three leptons final state. A potential discovery of ∆ ±±± at the LHC will shed some light on the possible mechanism of neutrino mass generation.
The paper is organized as follows. In Section II we present a brief overview of the BNT model and the neutrino mass generation mechanisms within the model, along with our choice of neutrino oscillation parameters for subsequent calculations. In Sections III and IV we discuss EWPT and LFV constraints, respectively, on the Higgs sector of the model. Updated constraints form various LHC searches relevant to the Higgs sector of this model are discussed in Section V. We also outline the projected reach at the LHC for triply-charged Higgs in the same section, in association with detailed discussion on their relevant production and decay mechanisms. Finally, we conclude in Section VI.
II. MODEL AND FORMALISM
In this section, we present a brief overview of the BNT model [9] . The chief goal of the model is to develop light neutrino masses with new physics at TeV scale without introducing unnaturally small Yukawa couplings or fine-tuned cancellations. The BNT model is based on the SM symmetry
The enlarged particle content of the model includes an isospin 3 2 scalar quadruplet, ∆, and a pair of vector-like fermion triplets, Σ 1,2 . We use H to denote the SM-like Higgs doublet. The particle contents along with their quantum numbers are shown in the Table I below.
A. Higgs sector of the model
The scalar kinetic and potential terms of the model is given by :
with the covariant derivatives
where τ are standard Pauli matrices and T are SU (2) generators in the isospin 3 2 representation [10] .
The interactions of the new scalar field ∆ with the gauge bosons originate from the above term. 
Clearly, large mass-gaps between the constituents of the quadruplet can be developed by choosing a large value of λ 4 that is allowed by perturbativity. These mass-splittings are integral part of our present analysis. We shall see in subsequent sections that not only they play a pivotal role in EW precision constraints but also LHC mass-reaches are highly dependent on them.
B. Generation of neutrino mass
Neutrino masses arise in the model from the renormalizable Lagrangian [9]
where Y i , Y i are Yukawa couplings and i is the generation index. Integrating out the Σ 1,2 fermions, one obtains an effective dimension-5 neutrino mass operator
The tree level diagram generating this operator is shown in Fig. 1 [9] . The detailed structure of the Yukawa interactions are given in [10] . We have already seen from the analysis of the Higgs potential that ∆ 0 acquires an induced VEV
When this value is substituted in Eq. 2.8, to the leading order, we obtain the neutrino masses at tree level, (m ν ) tree , which can be written as [9] , searches. This is due to the fact that in the aforesaid scenario we shall not be able to integrate out M Σ and a very careful and tedious treatment is needed regarding the charged lepton mass matrix without any significant phenomenological gain at the LHC. On the other hand, for M Σ ∼ 5 TeV we can avoid this complexity and perform relevant collider simulations with ease. In addition, the range of M ∆ that is accessible for the ongoing run of the LHC, as will be shown in Section V E, dimension-7 operator is still dominant with M Σ ∼ 5 TeV. Also, we should emphasize here that our main goal in this paper is to study multiple aspects of the Higgs sector of the BNT model.
Various Higgs analyses performed in this paper are, to a large extent, not sensitive to dimension-7 or dimension-5 neutrino mass generation operators. They can only alter the leptonic decay BRs of Higgs bosons marginally and will not qualitatively impact the important conclusions of this study.
Henceforth, we set M Σ = 5 TeV for the rest of the paper. We conclude this subsection by a brief remark on possible extensions of the BNT model, available in the literature, that can potentially prevent the appearance of a dimension-5 operator via loops.
One way to achieve that is to impose a symmetry that forbids the generation of neutrino masses at dimensions d < 7. In effective field theory language the dimension-5 and dimension-7 operators can be written as, O 5 = LLHH and O 7 = LLHH(H † H), respectively. Similarly, one can expand it further by adding higher powers of the combination (H † H) to generate d > 7 dimension operators.
The shortcoming of this approach is that (H † H) is a singlet under any symmetry and does not carry any charge. Thus, one can not avert the problem and all powers of (H † H) is allowed. Therefore, we need to add new Higgs field(s) to the theory and charge it under some U (1) or discrete symmetry that allows dimension-7 operator but not any operator of lower dimensions.
In the context of the BNT model, one can add another Higgs doublet to the field, similar to the Two Higgs Doublet Model [18, 19] , leading to the following effective Lagrangian in the n-th
The simplest pure dimension-7 model can be constructed from this effective Lagrangian by introducing a Z 5 symmetry and assigning the following charges [20] ,
One can also attain the same goal by using one Higgs doublet only and a singlet scalar [20] . A more complex solution is realized within the next-to-minimal SUSY standard model, which contain two
Higgs doublets and a singlet [21] . Finally, if one is interested in pure dimension-7 loop induced neutrino mass generation, he/she can take a look at at Ref. [22] .
C. Neutrino mass hierarchies and Yukawa couplings
Next, we discuss the benchmark Yukawa couplings we used in our paper, consistent with all neutrino mass and mixing data. In a basis, where the charged lepton mass matrix is diagonal, the light neutrino matrix (m ν ) can be diagonalized as,
where U P M N S is the neutrino mixing matrix. U P M N S is parametrized by three mixing angles θ ij (ij = 12, 13, 23), one Dirac phase (δ) and two Majorana phases (α 1,2 ) as 14) with c ij (s ij ) = cos θ ij (sin θ ij ) and P = diag(1, e iα 1 , e iα 2 ).
In the BNT model, due to the presence of two vector-like lepton triplets, the neutral lepton mass matrix is 5 × 5 with rank 4 [10] . Therefore, the neutrino mass spectrum consists of one massless neutrino, two massive light neutrinos, and two heavy neutrinos, which are nearly degenerate. Since the lightest neutrino in the model is massless, we can express the mass eigenvalues of two light massive neutrinos in terms of the solar and atmospheric mass-squared differences as [23] . We show our choice of these parameters, used for the rest of the paper, in the last column.
Please note that ∆m 
III. ELECTROWEAK PRECISION TESTS
In this section we put our effective theory, after integrating out M Σ , under the microscope of high precision EW observables measured at the LEP and SLC. For heavy Σ 1,2 the Higgs quadruplet, ∆, only contributes to processes that can distort successful EW predictions of the SM. The principal effect of the SU (2) L quadruplet on the EW observables enter by means of oblique parameters, which are nothing but the gauge boson vaccuum polarization correlations [24] . The oblique parameters are parametrized by three independent parameters S, T and U defined as [24] αS ≡ 4e
where α is the fine structure constant and s W (c W ) are sine (cosine) of the EW mixing angle.
represents the vacuum polarization amplitudes and
. Here, we make use of the general formulae of Ref. [25] to the quadruplet. Two important assumptions made in the calculation of Ref. [25] are -(i) the complex scalar multiplet of interest does not acquire any VEV, and (ii) it's members do not mix with themselves or any other scalar. In the BNT model we have already seen that v ∆ v H is a necessary condition from EW ρ parameter.
So, we can safely work in a v ∆ → 0 paradigm. In addition, the mixing terms between the SM-like
.4 tells us
that we require λ 5 v ∆ 1 GeV −1 to achieve O(100-1000 GeV) mass for ∆. Hence, applying the generic treatment of Ref. [25] is apt for our study. One important observation from the above figure is that EWPT limit the mass-splitting of the quadruplets to be 30 GeV. This poses serious problems for collider searches of ∆ ±±± (when it is the heaviest member of the quadruplet) or ∆ ±± (all cases). For ∆M 10 GeV cascade decay always dominates and with ∆M 30 GeV the decay products will be too soft to pass LHC thresholds, as we shall demonstrate in Section V D.
IV. CONSTRAINTS FROM LFV EXPERIMENTS
As it is well-known that experimental upper limits on lepton flavor violating decays provide important constraints on TeV-scale extensions of the standard model and thus it puts constraints on the free parameters of our model also. In the canonical SM seesaw, the LFV decay rates induced from scalar quadruplet and triplet vector-like lepton members, which could lead to sizeable LFV rates. Since we are concentrating on the scenario where vector-like leptons Σ s are heavy enough (∼ 5 TeV), whereas scalar quadruplet members are as light as less than a TeV, the contribution of vector-like leptons (Σ s) to the lepton flavor violating process µ → eγ is negligible compared to the contribution from the ∆ members. We refer the reader to ref. [13] for the complementary scenario.
Leading representative Feynman diagrams for µ → eγ process is shown in Fig. 5 . Here Charged scalars (∆ ±± , ∆ ± ) contribute more dominantly than the neutral one.
Then, LFV µ → eγ decay branching ratio can be easily calculated by
where M ν = (m ν ) tot , and D is defined in Eq. 5.10. We have used the currently most stringent bound by the MEG Collaboration, BR (µ → eγ) < Mass splitting between ∆ members has no significant impact in µ → eγ limits. Also, the above limits are not sensitive to the mass ordering of neutrinos. However, in this model there exists a tree level diagram for µ → 3e mediated by the doubly charged scalar. It is worth to mention that the constraints from µ → 3e is less stringent [15] than the corresponding of µ → eγ process. We do not explicitly discuss here other LFV processes, such as µ → e conversion in nuclei, or electric dipole moments [16] , which are left for future studies in detail since they also impose weaker bounds on our parameter space compared to µ → eγ.
V. COLLIDER IMPLICATIONS
This model provides an interesting avenue to test the neutrino mass generation mechanism at the LHC. The presence of the isospin 3/2 scalar multiplet can give rise to rich phenomenology at the LHC. The collider signatures of the BNT model has been studied in the literature [10, 11] .
However, there is not only new data made public by the LHC experiments since then, resulting in updated constraints, but also few subtle points regarding the phenomenology of multi-charged
Higgs particles needs to be clarified that were absent in previous analyses. In this section, we try to investigate the limits on the ∆ masses from the recent experimental data. The BNT model is rich in multi-charged scalars. These multi-charged scalars can mediate SMlike Higgs decay to a pair of photons in addition to t and W loops. A representative triangle loop diagram for these processes is shown in Fig. 7 . In fact, the ∆ mediated processes can both augment or suppress the SM predicted h → γγ rate at the LHC depending on the signs and relative strengths of λ 3 and λ 4 . This is because the coupling between the SM-like Higgs h and a pair of singly, doubly and triply charged Higgs arẽ
respectively.
For a given production process of a Higgs, denoted by X, and the subsequent decay into final state Y the signal strength parameter, normalized to the SM values, is defined as
In our study the new physics can influence only the total decay width, Γ h,tot , and the partial decay rate, Γ h→Y . We formulate this change in the hγγ coupling as
where [27] [28] [29] 
Here, the loop functions are given by [27] ,
with
The parameters τ i = 4M 2 i /M 2 h are defined by the corresponding masses of the heavy loop particles. Thus, the partial decay width of the SM-like Higgs to γγ can be written as
Consequently the total decay width of h in terms of the rescaling factor κ γ is [30, 31] In Fig. 9 we plot the same bounds from µ ATLAS γ . The shape of exclusion contours from CMS and ATLAS differ marginally for the same value of λ 3 since the measured µ γ by them are not the same.
We notice from Figs. 8 and 9 that h → γγ limits depend strongly on the magnitude of λ 3 . For tionally, due to large electromagnetic charges carried by ∆ ±±± (∆ ±± ) they can be pair produced by photon fusion (PF) as well. We refer the reader to Ref. [11] for Feynman diagrams relevant for the above process. In comparison with DY, photo-production of these multi-charged scalars takes place via t and u-channel processes mediated by charged scalars and hence falls less sharply for higher ∆ masses. Although the photo-production cross-section of triply and doubly charged scalars benefit from enhancements by a factor of 3 4 and 2 4 , respectively, due to their large electric charges but it is suppressed, at the same time, by the tiny parton density of photon inside a proton. For a detailed discussion on parton density function of photons from different collaborations we refer the reader to Refs. [11, 34] . In this study, we use the NNPDF23 lo as 130 PDF set [35] which contains photon PDF. It is important to point out that although including PF boosts the production cross-section for heavier masses, they also suffer from large uncertainties. In this analysis, we build on the work of the above references and include the errors associated with using all the available eigenvector sets of a given PDF.
In Fig. 11 we present cross-sections of various pair-production and associated production processes. We employ MadGraph5 aMC@NLO v2.5.4 code [36] for our calculation, where the BNT model is implemented using FeynRules v2.0 [37] . We have not used any K-factor in above computations.
Pair production of ∆ ±±± and ∆ ±± via DY mechanism are shown by green and thin orange lines respectively. The same for the above two particles in a combination of DY and PF are depicted by dot-dashed red and dashed blue lines. In contrast, dashed brown and thick yellow lines represent associated production cross-sections for the same two particles. The uncertainties related to each process due to PDF variation are encoded within a band of the same color as the respective crosssection curve. As expected, the presence of t-channel diagrams of PF enhances pair production cross-sections of both doubly and triply charged bosons significantly for masses above 500 GeV.
However, while errors of DY processes are tiny (∼ 5%), the large error bands of the two channels that include PF will not escape the reader's attention. In fact, the error of DY+PF channels are > 100% for M ∆ 500 GeV. So, one can infer from the results of Fig. 11 that although adding PF to DY production provides an apparent enhancement in pair production cross-section, but one can not be certain about such increase in cross-section due to enormous PDF uncertainty associated with PF. Hence, we ignore the inclusion of PF in this paper. 
, where the pre-factor 2 in the numerator arises since the coupling can come from two vertices and the other factor 1/ √ 3 comes from Clebsch-Gordon coefficient related to the interaction of Eq. 2.8, as described in Appendix A. Now, if we include the loop contribution the above Feynman rule modifies to
where
and D is given by Hence, for non-zero mass-gap it can decay in cascades via ∆ ± X ± or ∆ ±±± X ∓ (where X = π, W * ) depending on whether ∆M < 0 or ∆M > 0. So, the relevant decay width formulas of ∆ ±± are [38, 39] 
where S W ± W ± = √ 3 and S ∆ ± W ± = √ 2 are scale factors that we use to convert the expressions of decay widths given in Refs. [38, 39] for SU (2) triplet to quadruplet. Here, V ud is the ud element of the CKM matrix and f π = 131 MeV is the pion decay constant. One can easily use the results of Γ(∆ ±± → ∆ ± X ± ) to derive Γ(∆ ±± → ∆ ±±± X ∓ ) decay widths by changing the scale factor from
The kinematic functions are given by λ(x, y) = 1 + x 2 + y 2 − 2xy − 2x − 2z, 
µ). Once the pion channel is open, it will dwarf the leptonic channels decay
width. Then at their respective masses, other charged mesons like kaon channels will be accessible.
However, they will always be sub-dominant compared to the pion channel. For ∆M > m τ the third lepton channel will be available. Finally, for ∆M ∼ O(2 GeV) the light quarks will cease to be confined, and they can be treated as free particles. So, at this stage we can ignore the mesonic decay channels and replace them by ∆ ±± → ∆ ±.
Let us focus now on the total decay width ∆ ±± . We have seen above that the total decay width of ∆ ±± depends on neutrino and Higgs quadruplet parameters. In Fig. 14 Finally, we investigate various decay channels of the triply-charged Higgs. In the BNT model ∆ ±±± can be the lightest (heaviest) particle of the quadruplet for the ∆M > 0 (∆M < 0) case.
In the first case it can only decay in three-body final states llW or W W W via an off-shell ∆ ±± exchange. In the latter case it will always decay to either ∆ ±± W ± * or ∆ ±± π ± . the relevant Feynman diagrams are presented in Fig. 15 . Decay of ∆ ±±± , when it is the lightest, is an unique feature of this model. We discuss these decay channels in detail below. On the other hand, for ∆M < 0 the decay of ∆ ±±± is very similar to ∆ ±± decay and one can easily convert the results of Eq. 5.11 for this purpose. The decay widths of ∆ ±±± for ∆M ≥ 0 scenarios are given by search at the LHC. In contrast, for ∆M < 0 scenario ∆ ±±± always decay via cascade and such channels have large decay width, which makes them less interesting. [41] of data ATLAS offer similar exclusion limits. Two crucial aspects of the CMS analysis are that they only consider scenarios where ∆M = 0 and also assume that ∆ ±± decays 100% to a particular flavor combination of l ± l ± . Ref.
[11] also use LHC Run-I data to impose bounds on ∆ ±± in the context of the BNT model. However, in a realistic scenario, consistent with available neutrino mass and mixing data, no leptonic channel will have 100% BR. Hence, the novelty of our analysis is to take into account a benchmark for both NH and IH, as outlined in Section II C, and investigate how the limits relax in each case.
CMS conduct their search for doubly charged Higgs in exactly 3l final state for its associated production with a singly charged Higgs. In the BNT model, ∆ ±± can also be produced in association with ∆ ±±± , which can potentially double the production cross-section. However, for this channel ∆ ±±± → l ± l ± W ± (∆ ±± W * ± ) decay for ∆M > 0 (∆M < 0) case will give rise to extra leptons in the final state and they will not pass the additional lepton-veto criteria of the CMS analysis. In contrast, pair production of ∆ ±± for the ∆M > 0 case mentioned above will be sensitive to this study if one lepton is lost or mistagged, but given the range of M ∆ ±± we are interested in, the occurrence of such events is very unlikely. This is because the decay of ∆ ±± leads to appreciably energetic leptons [43] , which has high tagging efficiency.
On the other hand, for the 4l study CMS does not require any veto on additional leptons. So, for this final state, not only the pair production of ∆ ±± will contribute but also in the ∆M < 0 case the pair production of ∆ ±±± will assist. Therefore, the limits drawn from this study will have some asymmetry between ∆M < 0 and ∆M > 0 cases. Another important point we need to address for pair productions of the doubly and triply charged Higgs bosons is whether to include PF in deriving the limits or not. As mentioned previously we choose to adopt a conservative approach in this paper and used DY only for our calculation due to large uncertainties associated with the photon PDF.
Also, when ∆ ±± dominantly decays in cascade, it can easily give rise to 3 or 4 leptons in the final state. However, such leptons will come from off-shell W bosons, and the momentum they carry will have an upper bound of ∆M . We have seen from Fig. 4 that EWPT bound limits ∆M 30 GeV for the most part of the range of M ∆ ±± we are studying. We need to juxtapose this limitation with the requirement of the CMS analysis that at least one lepton should have p T > 30
GeV and others should satisfy p T > 20 GeV. Therefore, a tiny amount of cascade events will pass these hard cuts on lepton p T . Furthermore, these soft leptons will not be able to reconstruct the narrow M ∆ ±± mass peak, which is a criterion in the CMS analysis, due to significant momenta will be carried away by missing neutrinos. Hence, we don't consider cascade decay products of ∆ ±± in the subsequent computations. Interestingly, the compressed spectra are very similar to certain supersymmetric scenarios, well studied in the literature [44] .
In Fig. 18 we plot the bounds derived from CMS search of Ref.
[40], on top of EWPT excluded for IH. Additionally we require cτ ∆ ±± < 100 µm so that the leptonic decay products are prompt.
As mentioned earlier in the section we consider DY production of ∆ ±± only in the above figure.
We should mention here that in Fig. 18 we only show the limits from the flavor combination decay channel that offers the strongest bound. So, for NH and IH we only show bounds derived from µµ and ee channels, respectively. Although ∆ ±± has a large BR to τ τ decay for NH, this channel does not impose strong bounds due to poor τ identification efficiency at the LHC. One may try to combine different channels which will lead to an even stronger bound. However, we don't attempt to do that in this paper. In general, CMS search for ∆ ±± using 12.9 fb −1 integrated luminosity at √ s = 13 TeV bounds M ∆ ±± 600 GeV (at 95% CL) for ∆M 5 GeV in the 3l final state for both NH and IH. For the 4l analysis the bounds derived, using DY only, are M ∆ ±± 600 (400) GeV for ∆M < 0 (∆M > 0)
for IH. The bounds for NH are weaker by ∼ 50 GeV compared to IH. 
for IH, the NH BP will be relatively in the W W decay dominated region.
For a larger value of v ∆ the W W BR will rapidly increase at the expense of ll BR. Hence, the bounds derived from the CMS analysis of Ref.
[40] for v ∆ 10 −4 GeV will be very weak, which will be discussed elsewhere. No dedicated study by CMS or ATLAS exist for ∆ ±± → W ± W ± .
However, Ref.
[45] estimated a bound of M ∆ ±± > 84 GeV for such decays using ATLAS Run-I results [46] .
In the previous section we discussed LHC studies that are searching for ∆ ±± . However, ∆ ±± is not exclusive to this model, it may also arise in other models, such as, Georgi-Machacek model [47] , Littlest Higgs model [48] , 3-3-1 models [49, 50] , Type II seesaw models [6] , left-right symmetric models [51, 52] and radiative neutrino mass models [8] . Discovering/excluding ∆ ±± alone will not identify/falsify the BNT model. In addition, from Figs. 18, 19, we have noticed that the LHC can constrain M ∆ ±± for ∆M < 5 GeV only. Hence, to search for ∆ ±±± directly at the LHC is imperative for the validation of the BNT model.
In this section we present a feasibility study of potential reach of the LHC in search for ∆ ±±± .
We search for ∆ ±±± in same-sign (SS) 3l (l = e, µ) final state. We have already mentioned that the BNT model is implemented with the FeynRules v2.0 [37] package. The signal and background events are generated using MadGraph5 aMC@NLO v2.5.4 code [36] followed by showering and hadronization by PYTHIA v8.2 [53] and the detector simulation by DELPHES v3.3 [54] . We produce ∆ ±±± by a combination of pp → ∆ ±±± ∆ ∓∓∓ + ∆ ±± ∆ ∓∓ + ∆ ±±± ∆ ∓∓ processes.
The major SM backgrounds for our signal are ttW ± +jets. However, W ± Z+jets and Z/γ * (→ l + l − ) Z+jets may also contribute in case of mis-measurement of the charge of a lepton.
The latter backgrounds, in fact, dominate over the former since their production cross-sections are significantly higher. ttZ(γ * )+jets, ttbb and tttt will also contribute but they are much smaller compared to ttW ± [10] and we neglect them in our analysis. All the backgrounds are generated including upto one parton. The MLM scheme [55] for jet-parton matching has been employed to avoid double counting. For the backgrounds, W, Z bosons and top quarks are decayed in their respective leptonic decay channels with the MadSpin [56] module of MadGraph5. In contrast, for the signal samples, the multi-charged Higgs bosons has been decayed within PYTHIA. We perform all cross-section calculations at tree-level and do not include any K-factor. Therefore, our estimates for signal significance will likely be conservative. We use the default Delphes 3.3 detector card for various object reconstruction, with jet clustering performed using the anti-kt algorithm. The above detector card employ the following lepton and b-quark reconstruction criteria
• Lepton identification and efficiency: electrons and muons are identified for p T > 10 GeV with |η| < 2.4. While the electron efficiency is 85% and 95% for |η| < 1.5 and 1.5 < |η| < 2.4, respectively, the muon efficiency is kept constant at 95% over the whole pseudo-rapidity range.
• Lepton isolation: lepton isolation is parametrized by I rel < 0.25 (0.12) for µ (e), where I rel is the ratio of the sum of transverse momenta of isolation objects (tracks, calorimeter towers, etc) within a ∆R = (∆η) 2 + (∆φ) 2 = 0.5 cone around a candidate, and the candidate's transverse momentum.
• b-tagging efficiency: the b-tagging efficiency is just above 70% for transverse momenta between 85 and 250 GeV, with a mistag rate 2%, coming from u, d, c, s, g jets, over the same energy range.
Next, using the above reconstructed objects we list the selection cuts used in our SS 3l study. 
≥ 3 SS leptons:
We select events with at least 3 isolated SS light leptons (e, µ).
Lepton p T cuts:
We impose the following stringent p T cuts on the selected SS leptons,
4. Missing energy cut: The missing energy cut is not very effective for the signal process after applying the hard lepton p T cuts. The p T cuts force the QCD radiation into a regime where jets produce a fair amount of missing energy as well. Hence, we enforce a nominal E / T > 30
GeV.
Z-veto:
If leptons having a charge opposite of that of the three tagged leptons are present in an event, we veto such an event if any opposite-sign same flavor lepton pair combination satisfy 80 GeV < M l ± l ∓ <100 GeV. GeV to ensure BR(∆ ±±± → l ± l ± W ± ) = 1, when ∆ ±±± is the lightest member of the quadruplet.
Here we use 14 TeV of center of mass energy as opposed to 13 TeV used in previous sub-sections. This is due to the fact that we intend to estimate the discovery potential of ∆ ±±± not only at an immediately achievable integrated luminosity of 100 fb −1 , but also at high luminosity of 3000 fb −1 . The LHC is expected to run at 14 TeV for that high luminosity benchmark. Elevating the center of mass energy to 14 TeV for our simulation leads to an increase in overall cross-section of Table III indicates that the final state we are studying is almost devoid of SM background for our chosen BP. We don't show the the effect of E / T cut in the above cut-flow table since both signal and background has ∼ 100% efficiency for that cut. Fig. 20 shows the invariant mass of the three leading SS leptons and E / T for the signal with (M ∆ ±±± ,∆M ) =(400, 0) GeV for NH. We set v ∆ = 10 −6 GeV, 6×10 −5 GeV, 5×10 −3 GeV to achieve
respectively. While we see a peak close to but not exactly at M ∆ ±±± for the first two cases, the peak is shifted significantly to a lower mass for the third case due to a large fraction of momentum carried by neutrinos coming from three W decays. In Fig. 21 GeV to ensure BR(∆ ±±± → l ± l ± W ± ) = 1 for ∆M > 0. The other colored regions has the same meaning as Fig. 4 . Fig. 17 ). The dis-covery potentials of M ∆ ±±± at the LHC are ∼ 325 GeV and ∼ 600 GeV with 100 fb −1 and 3000 fb −1 of integrated luminosities, respectively. We don't show a separate plot for BR(∆ ±±± → l ± l ± W ± ) =BR(∆ ±±± → W ± W ± W ± ) = 0.5 cases as most of the parameter space that can be probed at 100 fb −1 will possess cτ ∆ ±±± 100 µm and will not respond to our prompt lepton search strategy. Nonetheless, 3000 fb −1 of integrated luminosity will offer a discovery reach for M ∆ ±±± ∼ 500 − 900 GeV for ∆M ≥ 0. One important point to notice is that we cover the entire ∆M ≥ 0 range allowed by EWPT in all cases.
One common feature of both Fig. 21 and Fig. 22 is that our SS 3l search strategy is sensitive to a mass-splitting of 10 GeV when ∆ ±±± is the heaviest member of the quadruplet. In those scenarios cascade decay of ∆ ±±± will give rise to soft leptons that won't pass through our strong lepton p T cuts. A dedicated study is needed with boosted topologies for this kind of mass spectra, similar in flavor to compressed supersymmetric spectra studies [44] . One might use the use of Bayesian optimization techniques, as recently outlined in Ref. [57] , for a systematic study of compressed spectra. Finally, a comment is in order to distinguish NH and IH scenarios. The best way to distinguish them is to probe different flavor combinational leptonic decay channels of ∆ ±± . We refer the reader to Ref. [39] for a detailed study on this, also including the impact of Dirac and Majorana phases.
However, as it is made clear earlier in our analysis of Section V D, any search of ∆ ±± is futile for ∆M 5 GeV in the context of this model. Our SS 3l search of this section is, on the other hand, can probe all ∆M ≥ 0 mass spectra but the total signal yield for both NH and IH are very similar.
For example, for our chosen BP of (M ∆ ±±± , ∆M, v ∆ ) = (400, 0, 10 −6 ) GeV, we expect to produce 119 and 111 events at 100 fb −1 for NH and IH. However, one needs to classify these SS 3l events in different lepton flavor combinations to compare NH and IH more meticulously. A comparison, in that spirit, is presented in Table IV for the above BP. The experimentally measured neutrino mixing angles implies that the heaviest neutrino mass state contains a tiny fraction of ν e for NH. Thus, one would expect very few events involving e compared to µ, as reflected in Table IV . In contrast, for IH the more massive neutrino mass states have large ν e and ν µ components. Therefore, a comparable number of e and µ events are expected in this case, which can again be noticed from Table IV .
Although the lepton flavor combinations of SS 3l final state events are more or less reflective of neutrino mixing hierarchies, one should also keep in mind that e, µ identification efficiencies, and energy resolutions differ, but they are expected to have minimal impact on our analysis due to strong p T cuts used. 
VI. CONCLUSIONS
We study various phenomenological implications of a dimension-7 neutrino mass generation mechanism, as proposed in the BNT model [9] , in this paper. The model contains an isospin 3/2 scalar quadruplet (∆) and two vector-like iso-triplet leptons (Σ 1,2 ), in addition to the SM field content. We reiterate the claim of Ref. One novel feature of our paper is a high precision electroweak study of the model. It is well known that the EW ρ parameter constrains the induced VEV obtained by the quadruplet, v ∆ 1 GeV. However, we probe the model more closely for its contribution to the oblique parameters and estimate the impact of them on quadruplet mass spectrum. Over the range of M ∆ that is accessible to the LHC, the most robust constraint comes from the T parameter, which is controlled by the mass-splitting, ∆M , between the quadruplet members. We find that EWPT limits ∆M 30 GeV, which in turn give rise to compressed spectra over a vast area of the parameter space. Due to the softness of decay products in a compressed scenario, a significant part of the parameter space will remain beyond the reach of the LHC, when ∆M < 0.
Next, we investigate the unique signatures of the model at the LHC. The presence of multicharged scalars of the model can potentially enhance or suppress the h → γγ decay rate depending on the sign of the coupling. Using 36 fb −1 data from both CMS and ATLAS we deduce that h → γγ can exclude regions parameter space not ruled out by EWPT, albeit for O(1) values of λ 3 .
For smaller λ 3 it does not add anything to EWPT. We also consider the bounds form µ → eγ LFV process on our parameter space and derive a lower bound on v ∆ ∼ O(1 eV) form M ∆ ±± 1 TeV.
Mass-splitting between ∆ components, or ordering of neutrino masses, has a negligible impact on the above limit.
We also examine the BRs and proper decay lengths of ∆ ±± and ∆ ±± in detail, along with their consequences at the LHC, for the whole range of ∆M allowed by EWPT. We find that for ∆ ±± cascade decays start to dominate for ∆M ∼ 2 − 20 GeV for both signs of ∆M . In contrast, for ∆ ±±± no cascade decay is available when ∆M ≥ 0, but it always decays in cascade for ∆M < 0.
A large cτ is achievable for both ∆ ±± and ∆ ±±± when v ∆ ∼ 10 −5 − 10 −4 GeV and ∆M ∼ 0. In this region the leptonic and gauge bosonic decay rate of ∆ ±± are comparable, and cτ can be as large as 10 µm, which is still within the realm of prompt lepton searches at the LHC. Similarly, for ∆ ±±± a transition from llW dominated decay to W W W dominated decay happens around that region and cτ 100 µm is feasible for M ∆ ±±± 500 GeV, as a result force this region to be insensitive to prompt lepton searches at the LHC. However, when cascade decay opens up proper decay length increases rapidly, and brings ∆ ±±± within the reach of the LHC.
A strong bound on M ∆ ±± can be derived from 3l and 4l searches performed by the CMS collaboration with 12.9 fb −1 data. The strongest bounds are obtained when BR(∆ ±± → l ± l ± ) = 1, which we ensure by setting v ∆ = 10 −6 GeV. We extract the limits from the leptonic decay channel that provides the best sensitivity for a particular ordering of neutrino masses, which is µµ for NH and ee for IH for our chosen neutrino mass and mixing benchmark values. Using the CMS 3l analysis we constrain M ∆ ±± 600 GeV. The limits on ∆ ±± mass falls sharply as BR(∆ ±± → l ± l ± ) deviates from 1. Moreover, the above bounds are sensitive for |∆M | < 5 GeV only.
Finally, we perform a feasibility study to examine the discovery reach of ∆ ±±± at the LHC. A search for ∆ ±±± is necessary, independent of ∆ ±± searches conducted by the LHC experiments, to validate the BNT model, as ∆ ±± is not unique to this model. Furthermore, the LHC multi-lepton searches for ∆ ±± is not sensitive for large mass-gap. In contrast, a direct search for ∆ ±±± can cover the whole range of ∆M , allowed by EWPT for ∆M > 0. A simple set of cuts, led by hard cuts on p T of leptons, is sufficient to isolate SS 3l signature that can arise from ∆ ±±± decay. With 3 ab −1 of integrated luminosity, the LHC can discover ∆ ±±± for a mass up to 950 (600) GeV in the llW (W W W ) decay dominant regions for both NH and IH of neutrino masses.
Nevertheless, the search strategy used in our analysis will not be effective for ∆M < 0 scenarios.
In these cases ∆ ±±± will predominantly decay via cascade and the decay products will not pass hard lepton p T cuts we used here. A dedicated analysis is needed to probe such a mass spectra in the flavor of compressed SUSY spectra studies. Here p i stands for the 4-momentum of the i-th particle at the vertex, with the convention that all the particle momenta are coming into the vertex. For brevity cos 2θ W (sin 2θ W ) has been abbreviated as c 2W (s 2W ). In the last interaction D is given in Eq. 5.10
.
